Abstract Exercise training is considered a benefit to heart function, but the benefit in aging hearts remains unknown. Activation of the PI3K-Akt survival pathway and suppression of Fas/FADD/caspase-8 apoptotic signaling by exercise training in hearts from young subjects have been described in our previous studies. However, the mechanisms are still unclear and need to be explored in aging hearts. Thus, 18-month-old rats were used as a model and underwent swimming exercise training, resveratrol treatment (15 mg/kg/day), or exercise training with resveratrol treatment for 1 month. The results showed that heart function in each group improved. AGE (2014) 36:9705 
Introduction
Cardiovascular diseases (CVDs) are the number one cause of death globally; more people die annually from CVDs than any other cause. An estimated 17.3 million people died from CVDs in 2008, representing 30 % of all global deaths (Alwan 2011) . Several studies have shown a positive relationship between aging and chronic heart failure (Shioi and Inuzuka 2012; Piccirillo et al. 2013) . The pathogenic factors of CVDs include smoking habits, alcohol consumption, and lack of exercise, especially in the elder population (Blondon et al. 2013; Fernhall 2013; Gargiulo et al. 2013) .
Some factors are highly associated with heart failure in aging, such as oxidative stress and inflammation (Madamanchi and Runge 2013) . Oxidative stress is due to metabolic function degradation causing reactive oxygen species (ROS) accumulation (Ahmed and Tang 2012) . This long-term oxidative stress is usually accompanied by inflammation in the elderly. There is a report that mitochondrial damage will trigger mitophagy in cardiomyocytes through HSP90 and CDC37 activation, but oxidative stress inhibits HSP90 activation and causes cell death with FOXO3 accumulation in the nuclei. FOXO3 is a transcription factor with a function in Fas/FADD signaling pathway protein production and cell death (Joo et al. 2011; Paraiso et al. 2012; Hsu and Chung 2012) .
Moreover, resveratrol has been reported to be a direct SIRT1 activator. SIRT1 is a deacetylase that can remove the acetyl group from FOXO3 and NFκB (Frazzi et al. 2013; Lakshminarasimhan et al. 2013; Li et al. 2013 ).
FOXO3 and NFκB deacetylation causes their transcription to fail and inhibits the downstream regulation of cell death by inflammation proteins, such as Bim, Fas, and TRAIL (Oellerich and Potente 2012) . Thus, SIRT1 activation is beneficial to cell survival. There is a report that appropriate long-term exercise training can protect the heart through SIRT1 activation and decreased ROS (Zarzuelo et al. 2013) . Our previous study showed a similar result; Fas-FADD/caspase-8 expression in hypertrophic rat hearts was reversed by exercise training.
Furthermore, we also found that appropriate exercise training can enhance the PI3K-Akt pathway (Lee et al. 2008; Huang et al. 2012; Cheng et al. 2013; Lee et al. 2013) . In FOXO3, the three sites phosphorylated by Akt are Thr32, Ser253, and Ser315. FOXO3 associates with 14-3-3 proteins upon phosphorylation by Akt and is retained in the cytoplasm (Jang et al. 2007; Dobson et al. 2011 ). In the absence of survival factors, FOXO3 is dephosphorylated and translocates to the nucleus and triggers cell death by a Fas ligand-dependent mechanism (Behzad et al. 2007 ). In our study, an 18-monthold rat model was used for 4 weeks of swimming training with or without resveratrol treatment. Our analysis reveals that SIRT1 and PI3K-Akt activation during exercise training with resveratrol co-treatment helps FOXO3 phosphorylation and retention in the cytoplasm. Thus, resveratrol augments the effect of exercise to protect heart function and avoid the inevitable impact of aging on the heart.
Methods and materials

Animal model
All Sprague-Dawley (SD) rats were 5 months of age and purchased from BioLASCO Taiwan Co., Ltd (Taipei, Taiwan). Then the SD rats were raised at animal center of China Medical University until 18 months of age and divided into four groups (n=6 each). Group I was the control, and group II was the exercise training group. Exercise training consisted of swimming for 30 min in warm water at a temperature of 25°C for 4 weeks. Group III received resveratrol treatment (15 mg/kg/ day) and was given for 4 weeks. Group IV underwent both exercise training and resveratrol treatment (15 mg/kg/day) for 4 weeks. The animal use experimental protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of China Medical University .
Hematoxylin and eosin staining
The rat hearts from each group were soaked in formalin, dehydrated through graded alcohols, and embedded in paraffin wax. Then, 0.2-μm-thick paraffin sections were cut from these paraffin-embedded tissue blocks. The tissue sections were deparaffinized by immersing in xylene and rehydrated. All slices were dyed with hematoxylin and eosin and then rinsed with water. Each slide was dehydrated through graded alcohols. Finally, they were soaked in xylene twice. Photomicrographs were obtained using a Zeiss Axiophot microscope.
Masson's trichrome
The rat hearts from each group were soaked in formalin, dehydrated through graded alcohols, and embedded in paraffin wax. Then, 0.2-μm-thick paraffin sections were cut from these paraffin-embedded tissue blocks. The tissue sections were deparaffinized by immersing in xylene and rehydrated. All slices were dyed with Masson's trichrome and then rinsed with water. Each slide was dehydrated through graded alcohols. Finally, they were soaked in xylene twice. Photomicrographs were obtained using a Zeiss Axiophot microscope.
DAPI and TUNEL staining
For the terminal deoxynucleotidyl transferase dUTPmediated nick-end labeling (TUNEL) assay, the sections were incubated with proteinase K, washed in phosphatebuffered saline (PBS), incubated with permeabilization solution and then blocking buffer, and washed two times with PBS. The terminal deoxynucleotidyl transferase and fluorescein isothiocyanate-dUTP for 60 min at 37°C were detected using an apoptosis detection kit (Roche Applied Science, Indianapolis, IN). TUNELpositive nuclei (fragmented DNA) were fluoresced by bright green light at 460 nm. The 4,6-diamidino-2-phenylindole (DAPI) was dissolved in PBS at 0.1 μg/ml and added to the slides for 5 min, and the nuclei were fluoresced by blue light at 454 nm. Photomicrographs were obtained using a Zeiss Axiophot microscope.
Tissue protein extraction
Cardiac tissue extracts from six rats in each group were obtained by homogenizing left ventricle samples in a lysis buffer at a ratio of 100 mg tissue/1 ml buffer. The homogenates were placed on ice and then centrifuged at 12,000g for 40 min. The supernatant was collected and stored at −80°C for further experiments.
Western blot
The protein concentrations of the cardiac tissue extracts were determined using the Lowry protein assay. Protein samples (40 μg/lane) were separated by 12 % SDS polyacrylamide gel electrophoresis (SDS-PAGE) at a constant voltage of 75 V. The proteins were then transferred to Hybond-C membranes using 50 V for 3 h. PVDF membranes were incubated in 3 % bovine serum albumin (BSA) in TBS buffer. Primary antibodies, including p-PI3K, SIRT1, p-FOXO3, FOXO3, BNP, β-actin, TNF-α, Fas/L, FADD, caspase-8, caspase-3, and PARP (Santa Cruz Biotechnology, Santa Cruz, CA), were added to the membranes to recognize the corresponding proteins. Finally, horseradish peroxidaselabeled antibodies were used, and pictures were then taken using Fujifilm LAS-3000 (GE Healthcare).
Heart echocardiography M-mode echocardiographic examination was performed using a 6-15-MHz linear transducer (15-6 L) via a parasternal long axis approach. Left ventricular Mmode measurements at the level of the papillary muscles included left ventricular internal end-diastolic dimensions diastolic (LVIDd), left ventricular internal endsystolic dimensions (LVIDs), and fractional shortening (FS%). FS% was calculated according to the following equation: [(LVIDd−LVIDs)/LVIDd]×100.
Statistical analysis
The results shown are the means±SD of six independent experiments. Statistical analysis was performed by oneway analysis of variance. For paired samples, Student's t test was applied.
Results
Cardiac echocardiography
Based on the results of the echocardiographic analysis, heart function evaluated by FS% in the group II rats was 36.11 %, which was better than the control group (Fig. 1) . Moreover, FS% in the rats in groups III and IV was better at 43.11 and 36.85 %, respectively. LVIDd only decreased in the resveratrol treatment group, and LVIDs decreased in the exercise training, resveratrol treatment, and exercise training co-treated with resveratrol groups.
Heart biopsy
Hematoxylin and eosin staining of tissue slides was performed to image cardiomyocytes (Fig. 2) . Cardiomyocytes from the control rats were disordered with more space between the cells; this disordered arrangement improved in the exercise training group. Moreover, the resveratrol treatment and exercise training and resveratrol treatment groups both had significantly reduced disordered arrangement and space between cardiomyocytes (Fig. 2 ).
Masson's trichrome
Masson's trichrome staining of the heart tissue slides was performed for collagen accumulation (in blue) (Fig. 3) . In the controls, collagen accumulation was severe and indicated fibrosis in the heart. Collagen accumulation in the exercise training group rat hearts slightly decreased with a lower collagen concentration in the fibrotic areas. Moreover, Masson's trichrome staining in the resveratrol treatment and exercise training and resveratrol treatment rat hearts showed no collagen accumulation.
Nucleic acid stain
Cell nuclei were stained with DAPI (blue), and specific DNA fragments caused by caspase cleavage during apoptosis were stained by TUNEL (green). DAPI/TUNEL dual staining provided an image of several apoptotic cell nuclei in the control group heart slides (Fig. 4) . In the exercise training group, the number of apoptotic cells did not significantly decrease. In the resveratrol treatment and exercise training and resveratrol treatment groups, apoptosis was significantly inhibited.
Protein analysis
Western blotting was used for heart protein analysis. PI3K survival signaling pathway was low in the control group, and only exercise training or resveratrol treatment slightly increased PI3K signaling (Fig. 5) . However, SIRT1 expression was high in the resveratrol treatment and exercise training and resveratrol treatment rat hearts. FOXO3 is a downstream protein phosphorylated through PI3K signaling and dysfunction of SIRT1 deacetylase. As shown, p-FOXO3 expression was low in the control and exercise training groups. However, p-FOXO3 expression was higher in the resveratrol treatment and exercise training and resveratrol treatment groups. In particular, FOXO3 expression was higher in each group compared with that of the exercise training with resveratrol treatment group. Additionally, the heart failure biomarker BNP was lower in the exercise and resveratrol treatment group and efficiently inhibited in exercise training and resveratrol treatment group. Also, TNF-α and Fas-FADD-caspase-8 protein expression in the control aging rat hearts was much higher than that in the exercise training and resveratrol treatment groups (Fig. 6) . Moreover, exercise training combined with resveratrol treatment significantly decreased Fig. 3 Masson's trichrome staining of heart slides. The cells are stained red, and collagen is stained blue Fig. 4 DAPI and TUNEL staining of heart slides. Cell nuclei are stained blue using DAPI, and specific DNA fragments caused by caspase cleavage during apoptosis are stained green using TUNEL Fas-FADD signaling pathway analysis. All protein samples for each rat group were analyzed by Western blotting (n=3). The protein expression folds were normalized with β-actin. *p<0.05, **p<0.01, ***p<0.001 compared with control group TNF-α and Fas protein expression and also inhibited caspase-8 and caspase-3 activation in the rat hearts.
Discussion
A normal rat heart FS% is greater than 40, and FS% is greater than 30 in healthy humans (Gudmundsson et al. 2005; Regitz-Zagrosek et al. 2007; He et al. 2009; Soetikno et al. 2012; Allen et al. 2013) . In this study, FS% in the aged rat hearts was 26.77 %, and FS% in the other groups increased from 36.11 to 43.11 % (Fig. 1) . These data suggest that exercise training, resveratrol treatment, and exercise training combined with resveratrol treatment can all be cardioprotective. Our previous report revealed an antihypertrophic effect in rat hearts from exercise training (Lee et al. 2008; Huang et al. 2012; Cheng et al. 2013; Lee et al. 2013) . Indeed, the collagen accumulation in the exercise training rat hearts was not as severe as that in the control group (Figs. 2 and 3 ). In particular, the collagen concentration in cardiomyocytes from the exercise training group rat was slightly lower than that from the controls. Moreover, in the resveratrol treatment and exercise training combined with resveratrol treatment group, the rat hearts did not show the same collagen accumulation (Fig. 3) . Thus, we are curious to determine the mechanism.
TUNEL/DAPI nucleic acid staining is an efficiency assay for identifying cell apoptosis (Gavrieli et al. 1992) . The green spots from TUNEL staining show apoptotic cells, and exercise training did not prevent cell apoptosis in this aging rat model (Fig. 4) . Actually, given that exercise will increase the ROS level, which fortunately can be metabolized by SOD, catalase GPX, and ferritin or can be blocked directly by redox cycling compounds, such as resveratrol (Zarzuelo et al. 2013) . Therefore, only the resveratrol treatment and Fig. 7 The mechanism of exercise training and resveratrol mediated cardioprotection during aging. Exercise training activated PI3K-Akt signaling and induced FOXO3 phosphorylation. Resveratrol treatment activated SIRT1, causing FOXO3 dysfunction and nuclear export of FOXO3. The exercise training and co-treatment with resveratrol provided the benefits of both pathways to protect the heart from the apoptosis induced by ROS and Fas-FADD signaling and therefore prevent heart failure exercise training combined with resveratrol treatment groups promoted cardiomyocyte survival in aging hearts.
Resveratrol is a compound with strong antioxidant activity, which might directly inhibit O 2 oxidation and prevent ROS production during aging or exercise training. Resveratrol is also a SIRT1 activator (Frazzi et al. 2013; Lakshminarasimhan et al. 2013; Li et al. 2013 ). When SIRT1 is activated, SIRT1 will block FOXO3 accumulation in the nucleus and inhibit cell death. If FOXO3 translocates into the nucleus, downstream proteins regulate inflammation, and cell death will occur through their functions. PI3K-Akt activation can also help phosphorylate FOXO3 at threonine 32, serine 253, and serine 315 and cause the nuclear export of FOXO3 (Jang et al. 2007; Dobson et al. 2011) .
Here, a similar mechanism for p-FOXO3 export from the nuclei of cardiomyocytes has also been demonstrated in the hearts from rats undergoing exercise training and resveratrol treatment (Fig. 5) . Exercise can promote PI3K-Akt pathway activation and maintain FOXO3 phosphorylation; resveratrol treatment induces SIRT1 activation, leading to FOXO3 dysfunction. The benefits described above, exercise training combined with resveratrol, avoid ROS damage and further promote a synergetic cardioprotective effect.
Furthermore, FOXO3 accumulation in nuclei will also induce the FAS/FADD/Caspase-8 signaling pathway and cause cell apoptosis. Although exercise training and resveratrol treatment reduced FAS/FADD/Caspase-8 signaling, exercise training combined with resveratrol demonstrated a novel, strong protection in aging rat hearts (Fig. 6) .
In conclusion, the major effect of exercise training is PI3K survival pathway activation Fernhall 2013; Morikawa et al. 2013; Hsu et al. 2013) . Resveratrol treatment can help ROS elimination and SIRT1 activation (Fig. 7) . Taken together, exercise training and resveratrol treatment provide the benefits of two pathways and block FOXO3 accumulation. These data suggest that resveratrol treatment augments the cardioprotective effect of exercise training in aging rat hearts.
